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A Cross-sectional area (m2) 

Ar Channel aspect ratio 

Be Bejan number 
CP Specific heat at constant pressure (J/kg K) 

dh Hydraulic diameter (m) 

H Structure height (m) 

h  Elemental height (m) 

h  Average heat transfer coefficient (W/m2K) 

k  Thermal conductivity (W/mK) 

L Channel length (m) 

n  Normal 

P  Pressure (Pa) 

P  Wet perimeter (m) 

q
 

Heat flux (W/m2) 

sq  Internal heat generation (W/m3) 

Re Reynolds number 

 

 

  

gS  
Volumetric entropy generation rate 

(W/m3.K) 

T Temperature (°C) 

wT  Area-weighted average wall temperature 

(°C) 

u


 
Velocity vector (m/s) 

V Global structure volume (m3) 

V  Volumetric flow rate (m3/s) 

W Structure width (m) 

W Elemental width (m) 

x, y, 
z 

Cartesian coordinates (m) 

  Difference 

  Differential operator 


 

Convergence criterion 


 

Viscosity (kg/m.s) 


 

Density (kg/m3) 


 

Nanoparticle concentration (% vol.) 

 

 

Subscripts 

bf
 

Base fluid 

C Channel 

el  Element 

f
 

Fluid 

fr
 

Friction 

i  Mesh iteration index 

In Inlet 
Max Maximum, peak 

nf
 

Nanofluid 

P Particle 
S Solid 

th  Thermal 

W Wall 

 

ABSTRACT: This study investigates a three-dimensional elliptical microchannel heat sink for heat dissipation in 

laminar forced convection. The study seeks to improve thermal performance and overcome overheating associated 

with excessive temperature commonly experienced in heat-generating equipment, which is beyond the temperature 

usually specified by the manufacturer. The objective of the study is to evaluate the heat transfer, fluid flow, and entropy 

generation characteristics of Al2O3-water nanofluid in an elliptical cooling channel. The numerical analysis is 

investigated on the structure experiencing constant volumetric heat generation. The parameters considered are 

Reynolds number of 100 ≤ Re ≤ 500, nanoparticle concentration ϕ, from 0% to 4% with channel aspect ratio Ar from 

1 to 3. The impacts of these parameters on the maximum temperature, heat transfer coefficient, friction factor, and 

volumetric entropy generation are reported. The study demonstrates that heat transfer is enhanced in the elliptical 

cooling channel at different aspect ratios, nanoparticle concentrations, and Reynold numbers. The results showed 

that as the nanoparticle concentration, channel aspect ratio, and Reynolds number (Re) increase, the maximum 

temperature, and total entropy generation decrease. As the channel aspect ratio increases at a specified Re = 200 and 

nanofluid concentration, ɸ = 3%, the maximum temperature, and total entropy generation decrease by up to 62% while 

the heat transfer coefficient increases by up to 78% and the friction factor increase by less than 2% with aspect ratio. 

However, the friction factor is not sensitive to the nanofluid concentration as a coolant. 
 

KEYWORDS: Forced convection, Laminar flow, Maximum temperature, Heat transfer coefficient, Entropy generation rate, 

Nanofluid.  
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I. INTRODUCTION 

The thermal management of heat-generating equipment is 

a major concern to the thermal engineering community. These 

equipment need to be maintained and cooled at a specified 

temperature to avoid thermal stresses that may lead to the 

failure of the system. Again, space management for the 

arrangement of the cooling channel within the available space 

that will bring about effective cooling has been demonstrated 

by Tuckerman and Pease (1981) when they first introduced the 

use of a microchannel heat sink. Since then, different 

analytical, numerical, and experimental analyses have been 

conducted in this area by several researchers to understand and 

improve the cooling of electronic equipment. 

Jing et al. (2018) numerically and theoretically analyzed 

flow boundary slip in different elliptical microchannel heat 

sinks to examine the thermal and size dependency of hydraulic 

resistance. The authors reported that thermal enhancement is a 

function of geometry and boundary slip. Muzychka (2007) 

used the intersection of the asymptotes method to design and 

optimize different cooling channel shapes in a laminar heat 

transfer. The study established that the maximum heat transfer 

rate density increased. Salimpour et al. (2018) numerically 

studied and designed multilayer microchannel heat sinks and 

discovered that the peak temperature was reduced by using 

three layers of the microchannel. Mardani and Salimpour 

(2016) studied numerically and theoretically the geometrical 

optimization of isosceles triangular microchannels. Their 

results showed that a microchannel with a side angle of 60º 

performed best.  

However, nanofluids have been widely used in several 

thermal systems as working fluids due to their superior 

thermophysical properties over conventional fluids (Siginer 

and Wang, 1995, Choi and Eastman, 1995, Lee et al., 1999, 

Wang et al., 1999, Teng et al., 2010, Palm et al., 2006, Das et 

al., 2003, Li et al., 2008, Xuan and Li, 2003, Nguyen et al., 

2007, Kalteh et al., 2012). Nanofluids were first proposed by 

Choi and Eastman (1995), followed by other authors like Lee 

et al (1999), Wang et al (1999) and Siginer and Wang (1995) 

that considered nanofluid of high thermal conductivity and 

added the nanofluid to conventional fluids. Experimental 

analyses were carried out on the behaviour and effect of Al2O3-

water nanofluid in a microchannel by some researchers 

(Nguyen et al, 2007, Kalteh et al, 2012, Chein and Chuang, 

2007). It was revealed that the thermal conductivity was 

enhanced. Hajmohammadi and Toghraei (2018) numerically 

designed a two-layered microchannel heat sink under non-

uniform temperature distribution using nanofluid as the 

coolant. It was shown that thermal resistance decreased. Shi et 

al. (2018) numerically examined the thermal and fluid flow 

performance in a microchannel using Al2O3-water nanofluid. 

It was established that the heat transfer improved as 

nanoparticle concentration increased. Also, the influence of 

Al2O3-water nanofluid in a manifold microchannel was 

investigated, and heat transfer was enhanced as the 

nanoparticle concentration and inlet velocity increased (Yue et 

al., 2015). 

Furthermore, to achieve better cooling channel 

performance, there is a need to reduce irreversibility (Zhang et 

al., 2022, Abbas et al., 2020, Fadodun et al., 2022). Entropy 

generation as a measure of the degree of irreversibility in the 

system has been studied by many researchers. For example, 

Awad (2015) reviewed the impact of different nanofluids on 

entropy generation in microchannel heat sink performance. 

Alfaryjat et al. (2016) and Alfaryjat et al. (2018) investigated 

the impact of nanofluids on the heat transfer and entropy 

generation analysis in circular, square and hexagonal 

microchannels with uniform heat fluxes. The authors observed 

that nanofluid enhanced the performance of microchannels. 

Ebrahimi et al (2016) studied entropy generation using Al2O3 

and CuO-water nanofluids in a microchannel incorporated 

with longitudinal vortex generators. They observed that 

nanofluids reduced irreversibility. Bahiraei and Heshmatian 

(2018) numerically assessed the effect of hybrid nanofluid on 

heat transfer, flow, and entropy generation in a microchannel, 

and it was found that the cooling uniformity improved. Manay 

et al. (2018) studied the entropy generation of TiO2-water 

nanofluid in a cooling channel. The results indicated that the 

thermal entropy generation rate was reduced, but the frictional 

entropy generation increased as the nanoparticle concentration, 

and Reynolds number increased. Bianco et al. (2014) 

investigated the turbulent heat transfer performance of 

nanofluid in mini-channels at constant wall temperature. The 

study found that the heat transfer rate was higher and there was 

a very small rise in pressure drop.  

In the evaluation of entropy generation of Al2O3-water 

nanofluid of laminar heat transfer in mini- and microchannels, 

it was revealed that the total entropy generation rate increased 

due to an increase in frictional irreversibility (Wei Ting et al., 

2016, Hassan et al., 2013). Yang and colleagues (Yang et al., 

2005) numerically examined and optimized the entropy 

generation of nanofluid in a trapezoidal microchannel. They 

concluded that the maximum thermal entropy generation was 

achieved at the bottom of the channel. 

In this present study, the three-dimensional simulation of 

forced convection of Al2O3-water nanofluid in an elliptical 

microchannel is conducted. The study is motivated by the quest 

to demonstrate that a cooling channel geometry enhances heat 

transfer (Meyer et al., 2012, Olakoyejo, 2012, Olakoyejo et al., 

2012a, Olakoyejo et al., 2012b). The aim is to examine the 

impact of nanofluid on heat transfer enhancement in the 

elliptical cooling channel at different aspect ratios and 

Reynolds number (Re) by cooling hotspots so that peak 

temperature is reduced inside the heated volume. 

II. COMPUTATIONAL MODEL 

Figure 1(a) illustrates the physical configuration of an 

elliptical cooling channel with a solid body of silicon material 

and the internal heat generation of 108 W/m3. The coolant 

circulating through the channel removes heat from the hotspot 

of the solid by conjugate heat transfer. The fluid is considered 

homogenous, single-phase, laminar, steady, incompressible, 

and Newtonian at low pressure conditions. The symmetry 

advantage is used to select an elemental volume, as presented 

in Figure 1 (b). The selected domain consists of an elemental 

channel and the surrounding wall. 
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(3) 

(4) 

 
(b) 

 

 
(a) 

Figure 1: The (a) configuration of the elliptical cooling channels 

(b) elemental volume microchannel. 

 

Table 1. Dimension of the elemental volume of 

elliptical configuration. 

dh (µm) w
 (µm) h

 (µm) 
L (µm) 

278 788 1,500 10,000 
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Table 1 presents the dimension of the elemental width, 

elemental height, length of a solid body, and hydraulic 

diameter of the channel used, as suggested by Alfaryjat et al. 

(2016). 

 

 

 

 

 

 

 

The aspect ratio (Ar) range is 1 ≤ Ar ≤ 3. A special case of 

an elliptical channel where Ar = 1 is a circular channel. The 

fluid inlet temperature is 300 K. The Reynolds number (Re) 

varies between 100 - 500. The nanoparticle concentration (ϕ) 

range is 0% ≤ ϕ ≤ 4%, where ϕ = 0% is base fluid (water) 

without nanoparticle concentration. 

The elemental volume, vel, defined as in Eqn. 1: 

 vel = whL                                                                  

     

 The elliptical channel aspect ratio was determined as in Eqn. 

2: 

c

r

c

h
A

w


                                                                            
The unit elliptical channel volume was determined as in 

Eqn. 3:  

4
c c cv h w L




 
                                                       

where, wc = minor diameter and hc = major diameter. 

The hydraulic diameter (dh) was determined as in Eqn. 4: 

 

4 c
h

c

A
d

P


 
where                                                                

4
c c cA h w




                                                                
The circumference of an elliptical channel was 

determined as in Eqn. 5: 

   
1/2

22 24

8

c c c c

c

h w h w
P 

   
 
 
                   

 

 

III. GOVERNING EQUATIONS AND BOUNDARY 

CONDITIONS 

A. Governing Equations 

The governing differential equations used for the 

numerical analysis are expressed as follows: 

Continuity equation: 

 

0 u


                                                                             
Momentum equation: 

  2

nf nfu u p u     
                                     

Energy equation: 

  2

nf Pnf nfC u T k T   
                                        

0
'''2  ss qTk

                                                       

B. Boundary Conditions 

The flux between the solid-liquid interfaces was 

determined as in Eqn. 10: 

s nf

T T
k k

n n

 


 
                                                         

The fluid velocity at the channel wall was expressed as 

in Eqn. 11 to be: 

 v 0                                                                       
while the conditions at the inlet were expressed as in 

Eqns. (12) and (13): 

(8) 
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(15) 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

(22) 

(25) 

(12) 

(13) 

(14) 

(24) 

 

(23) 

inT T
                                                                      

 
Re nf

nf in
nf h

u
d






                                                    
Re describes the laminar flow, and the outlet condition is 

pressure atmosphere 

The solid body boundaries,    

0T                                 
 

IV. NANOFLUID THERMO-PHYSICAL 

PROPERTIES 

Eqns. (15) to (18) were used to calculate the thermo-

physical properties of the Al2O3-water nanofluid taken at 300 

K (Belhadj et al., 2018, Vajjha and Das, 2009, Pak and Cho, 

1998). 

 

 

 

 

The density was determined using Eqn. 15: 

 1
nf bf p

     
  

The specific heat capacity was determined using Eqn. 16: 

      1
p p p

nf bf p
c c c      

 
The dynamic viscosity was determined using Eqn. 17: 

 
2.5

1

1
nf bf

 





 
The thermal conductivity was determined using Eqn. 18: 

   
   

2 2

2

P bf bf P

nf bf

P bf bf P

k k k k
k k

k k k k





   
 
   
   

 

V. PERFORMANCE CRITERIA 

The criteria used to calculate the performance of the 

cooling channel are expressed below: 

A.     Maximum Wall Temperature 

The thermal enhancement of the cooling channel is 

measured by the maximum temperature Tmax experienced at the 

wall hotspot. A decreased maximum temperature across any 

hotspot surface is highly preferred for thermal performance 

(Tsuda et al., 2017). 

  
B. Heat Transfer Coefficient 

The average heat transfer coefficient, (h), characterizes the 

improvement of heat transfer, was also considered and 

expressed as in Eqn. 19: 

 
 

s

w in

q L
h

T T





  

C. Friction Factor 

The friction factor (f), which is also one of the criteria for 

measuring microchannel performance, was calculated, and it 

was expressed as: 

2

2 h

nf

Pd
f

u L




 
 

D.  Entropy Generation 

     Another criterion of interest considered in this study that is 

of practical importance is the total volumetric entropy 

generation rate (�̇�𝑔−𝑇𝑜𝑡𝑎𝑙
′′′ ) which characterizes the 

irreversibility of a process is expressed as (Alfaryjat et al., 

2016): 

 �̇�𝑔−𝑇𝑜𝑡𝑎𝑙
′′′ =  �̇�𝑔−𝑡ℎ

′′′ + �̇�𝑔−𝑓𝑟
′′′  

Where�̇�𝑔−𝑡ℎ
′′′  and �̇�𝑔−𝑓𝑟

′′′   are expressed in Eqns. (22) and (23), 

respectively as: 

�̇�𝑔−𝑡ℎ
′′′ =

𝜇𝑛𝑓

𝑇2 [(
𝜕𝑇

𝜕𝑥
)

2

+ (
𝜕𝑇

𝜕𝑦
)

2

+ (
𝜕𝑇

𝜕𝑧
)

2

]  

 

 

 

 

Again, the Bejan number (Be) is used to evaluate the 

thermodynamic enhancement of thermal equipment for the 

contributions of �̇�𝑔−𝑡ℎ
′′′  and �̇�𝑔−𝑓𝑟

′′′  in total irreversibility. This 

dimensionless number (Be) is expressed as (Alfaryjat et al., 

2018, Alfaryjat et al., 2016): 

𝐵𝑒 =  
�̇�𝑔−𝑡ℎ

′′′

�̇�𝑔−𝑇𝑜𝑡𝑎𝑙
′′′   

 

 

VI. NUMERICAL SOLUTION 

 

A.  Numerical Technique 

A commercial computational fluid dynamics three-

dimensional package called ANSYS FLUENT code (ANSYS) 

based on the finite volume method, as detailed by Patankar 

(1980), is employed for the numerical simulation. A SIMPLE 

approach is used for pressure-velocity coupling, and second-

order upwind technique is used to solve the governing 

equations. The solution converges when the normalized 

residuals of the mass and momentum equations are less than 10-

8 and the energy equation is below 10-12. 

 

B. Grid Independence Test 

Numerous grid tests were conducted to guarantee the 

simulation results' accuracy. The convergence criterion was 

determined using Eqn. 25: 

   

 
1max max 3

max

10
ii

i

T T

T


 


 

 
The i-1 mesh is selected as Eqn. (25) is fulfilled. Table 2 

indicates the grid independence test for the elliptical channel. 

The computational number of nodes and elements of 240,768 

and 224,378, respectively, fulfilled the convergence criterion 

and any increase had an insignificant influence on the result. 
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Figure 2: Validation of the present study with the work of Alfaryjat 

et al (2016) 

 
(a) 

 
(b) 

Figure 3: Effect of (a)  at fixed Re = 500 and different Ar and (b) 

Re at fixed Ar = 2 and different  on maximum wall temperature. 

Table 2: Grid independence study for the elliptical channel. 

,  ,  and  

Number of nodes Number of elements   

224100 209192 35.81 - 

229080 213495 35.87 0.0018120 
240768 224378 35.89 0.0004261 

242478 225742  35.92 0.0008522 

 

 

 

 

 

 

 

 

 

 

C. Numerical Code Validation 

Figure 2 shows the validation of our numerical code 

compared with the past work of Alfaryjat et al. (2016) with 

circular microchannel at 
2200 /q kW m   and 

200 ≤ Re ≤ 1680. The results show the same trend and error 

deviation below 3%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VII. RESULTS AND DISCUSSION 
 

A.  Influence of Nanofluid Concentration, Aspect Ratio, and 

Reynolds Numbers on Maximum Wall Temperature 
 

Figure 3 shows the influence of nanoparticle 

concentration, aspect ratio, and Reynolds number on 

maximum wall temperatures experienced by the elemental 

volume of the solid body.  

Figure 3(a) showed that for the cooling channel of fixed 

Re, the maximum temperature   monotonically decreases as the 

nanoparticle concentration increases. It also reveals that as the 

aspect ratio, Ar, increases, the maximum temperature 

decreases. This means that the aspect ratio, Ar, enhances the 

proper mixing of the fluid and reduces the thermal boundary 

layer thickness.  Figure 3(b) shows the graph of the maximum 

temperature as a function of the Reynolds number for varying 

nanofluid concentration and at a constant aspect ratio of Ar = 

2. As shown in Figure 3(b), at a fixed Ar = 2, the maximum 

wall temperature monotonically reduces as the Re and   

increase.  

 

 

 

 

 

 

 

 

 

Therefore, the risk of hotspot formation that is damaging 

to the lifetime and performance of the entire system is reduced. 
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 (a) 

(b) 

 
Figure 4: Effect of Re on h at fixed (a)  and different  and (b) 

and different Ar 

B.  Influence of Nanofluid Concentration, Aspect Ratio, and 

Reynolds Number on the Convective Heat Transfer 

Coefficient 

Figure 4 reveals the average heat transfer coefficient (h) 

as a function of nanofluid concentration 


 and aspect ratio, Ar, 

at different Re. Figure 4(a) shows that for a fixed Ar = 2, the 

heat transfer coefficient is enhanced as the Re and 


 increase. 

At the Re of 200, the heat transfer coefficient with no nanofluid 

fluid particle was 218870 W/m2K, as the nanofluid 

concentration of the Al2O3-water was increased to 1%, the 

value of h increased to 222070 W/m2K. The corresponding 

heat transfer coefficient increases to 225380, 228800, and 

232320 W/m2K as the 


 increases to 2%, 3%, and 4%, 

respectively. Furthermore, at the Re of 500, the corresponding 

values of h for the 


 values of 1%, 2%, 3%, and 4% are 

335670, 340890, 346270, and 351810 W/m2K, respectively. 

This signifies that an increase in the nanofluid concentration 

from 1% to 4% increases the value of h by 4.68% at the Re of 

200 and 4.81% at the Re of 500. This increase in the heat 

transfer coefficient of the Al2O3-water nanofluid concentration 

is attributed to the increase in thermal conductivity (Lodhi et 

al., 2020). This indicates that the maximum heat transfer 

coefficient as compared with water (no nanofluid) when Ar = 2 

is 6.42 % and is obtained at the Re of 500.  

Figure 4(b) reveals the heat transfer coefficient as a 

function of the Re for different values of aspect ratio and at 

fixed ϕ = 0.3. For a fixed ϕ = 0.3, the heat transfer coefficient 

increases as the Ar and Re increase. When Re is 200, and at the 

Ar of 1.0, the value of h is 180490 W/m2K. The h increases to 

228800 W/m2K and 320780 W/m2K when the Ar is increased 

to 2.0 and 3.0, respectively. As the Re increases to 300, the 

value of h is 217970 W/m2K at the Ar of 1.0. While at the same 

Re of 300, the h increases to 274820 W/m2K when the value of 

Ar is 2.0 and then increases to 383370 W/m2K when the Ar is 

3.0. At the value of Ar of 1.0 and the Re of 500, the value of h 

is obtained as 275910 W/m2K. This value of h increases to 

346270 W/m2K when the value of Ar is increased to 2.0 and 

then to 479690 W/m2K when the value of Ar is increased to 3.0. 

At the Re of 200, results show that the heat transfer coefficient 

increases by 26.77% as Ar is increased from 1.0 to 2.0 and 

77.73% when Ar is increased from 1.0 to 3.0. Similarly, at the 

value of Re of 500, the heat transfer coefficient increases by 

73.86% when the Ar increases from 1.0 to 3.0 and 38.53% 

when the Ar is increased from 2.0 to 3.0. This indicates that the 

ϕ, Ar and Re have strong influence and enhance the thermal 

performance of the cooling channel because of increased heat 

transfer surface area. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C. Influence of Nanofluid Concentration, Aspect Ratio, and 

Reynolds Number on the Entropy Generation (Thermal, 

Friction, and Total) 

Figure 5 shows that for a specified Re = 500, as the   and 

r
A  increase, the �̇�𝑔−𝑡ℎ

′′′  (Figure 5(a)) and �̇�𝑔−𝑇𝑜𝑡𝑎𝑙
′′′  (Figure 5(b)) 

decrease, and the �̇�𝑔−𝑓𝑟
′′′  (Figure 5(a)) increases due to the 

increase in thermal conductivity and viscosity of the nanofluid 

and the aspect ratio of the elliptical configuration that provides 

homogenous fluid mixing. Figure 5 also discloses that the 

influence of �̇�𝑔−𝑡ℎ
′′′ is more significant than that of �̇�𝑔−𝑓𝑟

′′′ ince a 

large portion of the �̇�𝑔−𝑡ℎ
′′′  generated happens in the fluid part 

(Ebrahimi et al., 2016). 
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 (a) 

 
(b) 

Figure 5: Effect of   on (a) �̇�𝒈−𝒕𝒉
′′′ and �̇�𝒈−𝒇𝒓

′′′  and (b) 

�̇�𝒈−𝑻𝒐𝒕𝒂𝒍
′′′ at different  and fixed Re = 500. 

(a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 reveals that for a fixed Ar = 2, �̇�𝑔−𝑡ℎ
′′′  and �̇�𝑔−𝑇𝑜𝑡𝑎𝑙

′′′  

decrease and �̇�𝑔−𝑓𝑟
′′′  increases as the Re and    increase. Figure 

7(a) shows that at   = 2%, the  �̇�𝑔−𝑡ℎ
′′′  decreased from 3.8643 

× 10-5 W/m3K to 2.9208 × 10-5 W/m3K as the Re increases from 

100 to 200. The stepwise decrease of �̇�𝑔−𝑡ℎ
′′′  with Re increase of 

300, 400, and 500 are 2.4663 × 10-5 W/m3K, 2.1838 × 10-

5 W/m3K, and 1.9874 × 10-5 W/m3K, respectively. However, the 

�̇�𝑔−𝑡ℎ
′′′ decreases with an increase in the value of  . On the other 

hand, the �̇�𝑔−𝑓𝑟
′′′   indicates a very slight increase when Re = 100 

as    increases. This shows the low Re of 100 could not cause a 

significant increase in the g frS 
 .  

However, as the value of Re increases, as shown in Figure 

7(a), the difference in the values of g frS 
  increases. For 

instance, when the Re is 300, the values of g frS 
 increases as 

the nanofluid concentration increases from 0% to 4% with a 1% 

increment of   to be 1.3714 × 10-6 W/m3K, 1.3947 × 10-6 

W/m3K, 1.4218 × 10-6 W/m3K, 1.4529 × 10-6 W/m3K, and 

1.488 × 10-6 W/m3K, respectively. This also indicates that as 

g TotalS 
  decreases, the thermodynamic performance is 

enhanced in the entire system due to the use of nanofluid as 

coolant and r
A

 of the elliptical cooling channel. 

Similarly, Figure 7(b) indicates a reduction in the 

g TotalS 
 as Re increases as well as with an increase in  . The 

working fluid without nanofluid shows the highest g TotalS 
 . 

The value of  g TotalS 
 then increases as the concentration of 

nanofluid particles increases in the working fluid. Also observed 

is that there is a reduction in the difference in g TotalS 
 as the Re 

reduces. For example, at Re = 100, the difference in g TotalS 


 

between the base fluid and the working fluid with a 

concentration of 4% is 2.558 × 10-6 W/m3K, while at the Re of 

500, the reduction is 9.68 × 10-7 W/m3K. This reduction is 

significantly important for achieving an improved 

thermohydraulic cooling performance (Dong, 2019, Cai et al., 

2020). 

 

D. Influence of Re and Ar on Bejan Number 

Figure 7 illustrates Bejan number (Be) as a function of Re 

for different ϕ and Ar and the relative contribution of the 
g thS 
   

and 
g frS 
  to the 

g TotalS 
  . Figure 7(a) revealed that at a 

specified Re, Be decreases as the   increases and sharply 

decreases as the aspect ratio increases.  
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(b) 

Figure 7: Effect of Re on (a) �̇�𝒈−𝒕𝒉
′′′ and �̇�𝒈−𝒇𝒓

′′′ at fixed Ar = 2 and 

different  and (b) Re on total  �̇�𝒈−𝑻𝒐𝒕𝒂𝒍
′′′  at fixed Ar = 2 and different 

 

 

(a) 

(b) 
 

Figure 6: Effect of (a)  at fixed Re = 500 and different Ar and (b) 

Re at fixed Ar = 2 and different  on Be. 
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Figure 7(b) showed that for a given Ar, Be decreases as the   

and Re increase. Figure 7(b) also revealed that an increase in 

Re influences the Be gap between the base fluid and as the   

increases. For instance, at the Re = 100, there is no significant 

difference between the Be of the base fluid and working fluid 

compositions. However, as the Re increases to 200, the 

difference between the Be of the base fluid and that of the 

nanofluid with 4% concentration is 0.00297. Further, an 

increase in Re to 500 increases this difference to about 

0.02126. It is pertinent to highlight that the impact of the   is 

dominant and higher than that of the   for the ranges of 

parameters considered as the value of Be > 0.5, as shown in 

Figure 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

E. Influence of  , Re and Ar on Friction Factor 

       Figure 8 represents the impact of Re on the friction factor, 

f, for various nanoparticle concentrations and channel aspect 

ratios Ar.Figure 8(a) displayed that at specified Re = 500, the 

friction factor remains constant for different values of ɸ while 

it increases as the Ar increases. This means the f  is not sensitive 

to the nanofluid as a coolant for this configuration.  Figure 8(b) 

demonstrates that at fixed Ar = 3, the f decreases as the Re 

increases from 100 to 500 for different values of ɸ (Azizi et al., 

2016). This decreasing f with increasing Re is attributed to the 

increase in inertial force as the Re increases as compared with 

the viscous force of the working fluid (Lodhi et al., 2020).  
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(a) 

(b) 

Figure 8: Effect of  and on the friction factor at fixed Re = 500 

and different Ar 

In Figure 8(a), the constant f at each Re with varying ɸ in 

the elliptical cooling microchannel flow is shown. As the ɸ 

increases the f at each of the Re remains the same. This 

behaviour with the circulation of Al2O3-water nanofluid at this 

low concentration serves as a thermal-performance advantage 

in elliptical cooling microchannels. This is because 

microchannels are often characterized by higher pressure drops 

(Byrne et al., 2012, Behi et al., 2020). 

The implication of this f independence at low 

concentration of nanofluid is the avoidance of higher pressure 

drop penalty at low concentration (Zhang et al., 2013), as the 

size of the particles is small. This pattern is similar to the 

results obtained in the work of Byrne et al. (2012) and Zhang 

et al. (2013). In the work of Byrne et al. (2012) CuO nanofluid 

with seven different concentrations was circulated in a parallel 

microchannel layout. They found that in each mass flow rate, 

the pressure remains constant for the seven different nanofluid 

concentrations for both circular and triangular microchannels. 

The independence of f  with a varying , of the Al2O3 nanofluid 

makes the nanofluid behave like a single-phase fluid. A similar 

f characteristic was obtained in the work of Lee and Mudawar 

(2007) conducted on the single- and two-phase nanofluids heat 

transfer in microchannels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VIII. CONCLUSION 

This research presents a numerical analysis of a three-

dimensional elliptical microchannel heat sink for heat 

dissipation in laminar forced convection with Al2O3-

water nanofluid. The solid structure experiences internal heat 

generation within it. The influence of Reynolds number (Re), 

nanofluid concentration (ɸ), and aspect ratio (Ar) on the 

maximum temperature (Tmax), average heat transfer coefficient, 

friction factor, and volumetric entropy generation are carefully 

studied. The study establishes that heat transfer is significantly 

enhanced in the elliptical cooling channel at different aspect 

ratios, nanoparticle concentrations, and Reynold numbers. The 

results indicate that as the  , 
r

A  and Re 

increase, the maximum temperature, and total entropy 

generation decrease while the heat transfer coefficient 

increases. Also, the friction factor increases as the Ar and Re 

increase; however, there is no significant influence of Al2O3-

water nanofluid on friction factor with an increase in nanofluid 

concentration.   This study establishes that when designing the 

microchannel heat sink of elliptical channel configurations, 

channel aspect ratio and fluid thermal properties are very 

significant parameters to be considered to achieve efficient 

performance of the cooling channel. 
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